Ultrasonic Power Transfer for Biological Implants by Christensen, David B. & Roundy, Shad





8OWUDVRQLF3RZHU7UDQVIHUIRU%LRORJLFDO,PSODQWV
'DYLG%&KULVWHQVHQDQG6KDG5RXQG\
8QLYHUVLW\RI8WDK

,QWURGXFWLRQ
,QWHUHVW LQDQG UHDOL]DWLRQRIPLOOLPHWHU VFDOHELR
LPSODQWDEOH GHYLFHV KDV LQFUHDVHG ZLWK DGYDQFHV LQ
SRZHU HOHFWURQLFV VHQVLQJ &026 DQG
FRPPXQLFDWLRQV WHFKQRORJ\ %LRLPSODQWDEOH GHYLFHV
DUHVPDOOGHYLFHVWKDWDUHLPSODQWHGLQWKHERG\LQRUGHU
WR SHUIRUPDGLDJQRVWLF RU WKHUDSHXWLF IXQFWLRQ6XFK
IXQFWLRQVUDQJHIURPJOXFRVHVHQVLQJWRGUXJGHOLYHU\
)RUH[DPSOHDQLPSODQWDEOHJOXFRVHVHQVRUZLOODOORZ
GLDEHWLFVWRREWDLQUHDOWLPHDFFXUDWHJOXFRVHUHDGLQJV
ZLWKRXW SULFNLQJ WKHLU ILQJHU WKXV HQDEOLQJ EHWWHU
PDQDJHPHQWRIWKHGLVHDVH9DULRXVPHWKRGVKDYHEHHQ
SXEOLVKHG WR SRZHU ELRLPSODQWDEOH GHYLFHV ERWK RQ
ERDUG IURP LQVLGH WKH ERG\ DQG ZLUHOHVVO\ IURP
RXWVLGHWKHERG\2QERDUGSRZHULQJPHWKRGVLQFOXGH
EDWWHULHV DQG ELRORJLFDO IXHO FHOOV :LUHOHVV PHWKRGV
LQFOXGH PDJQHWLF QHDUILHOG LQGXFWLYH DQG DFRXVWLF
SRZHU WUDQVIHU 7ZR SLH]RHOHFWULF JHQHUDWRU
DUFKLWHFWXUHVWKDWPD\EHHPSOR\HGIRUDFRXVWLFSRZHU
WUDQVIHUDUHWKHEXONPRGHFLUFXODUSODWHSODWHDQGWKH
IOH[XUHPRGHXQLPRUSKGLDSKUDJPGLDSKUDJPVKRZQ
LQ)LJXUH
7KH SODWH LV D FLUFXODU SLH]RHOHFWULF GLVF WKDW LV
ULJLGO\ IL[HGFODPSHG DURXQG LWV FLUFXPIHUHQFH ,W LV
SROHGD[LVSHUSHQGLFXODUWRWKHIDFHRIWKHSODWH
7KHIURQWIDFHLVLQFRQWDFWZLWKWLVVXHDQGWKHEDFNIDFH
LV RSHQ WR D YDFXXP ,WV DVSHFW UDWLR  ൌ
ʹܽȀ݄௣LVFRQVWUDLQHGWREHQROHVVWKDQDQGQRJUHDWHU
WKDQ$QDVSHFWUDWLROHVVWKDQUHVXOWVLQWKHSODWH¶V
WKLFNQHVV EHLQJ ODUJHU WKDQ LWV GLDPHWHUZKLFKPDNHV
GLDPHWHU D SRRUPHDVXUH RI RYHUDOO LPSODQW VL]H$Q
DVSHFWUDWLRJUHDWHUWKDQLQWURGXFHVEHQGLQJVWUDLQ
LQGLUHFWLRQDVWKHGRPLQDQWVWUDLQPRGHDQGWKXV
UHTXLUHVDGLIIHUHQWPRGHO7KHKRXVLQJLVPRGHOHGDV
ULJLG KDYLQJ QR RWKHU G\QDPLFV WKDQ WR LPSRVH D
IL[HGFODPSHGFRQGLWLRQDERXWWKHFLUFXPIHUHQFHRIWKH
SODWH
7KHGLDSKUDJPLVDFLUFXODUSLH]RHOHFWULFGLVFIL[HG
WR WKHEDFN VLGHRI D ODUJHUFLUFXODUQRQSLH]RHOHFWULF
VKLP7KHSLH]RHOHFWULFGLVFLVSROHGSHUSHQGLFXODU WR
LWV IDFH 7KH VKLP LV IL[HGFODPSHG DURXQG LWV
FLUFXPIHUHQFHZLWKLWVIURQWIDFHLQFRQWDFWZLWKWLVVXH
DQG LWV EDFN IDFH RSHQ WR D YDFXXP ,WV DVSHFW UDWLR
 ൌ ʹܽȀሺ݄௦ ൅ ݄௣ሻ LV FRQVWUDLQHG WR EH
JUHDWHU WKDQ RU HTXDO WR  VR WKDW WKH VWUDLQ LQ WKH
SLH]RHOHFWULF GLVF LV GRPLQDQW LQ WKH  GLUHFWLRQ
EHQGLQJ7KHKRXVLQJLVPRGHOHGDVULJLGKDYLQJQR
RWKHU G\QDPLFV WKDQ WR LPSRVH D IL[HGFODPSHG
FRQGLWLRQDERXWWKHFLUFXPIHUHQFHRIWKHVKLP
7KH SODWH LV ZLGHO\ XVHG LQ GLDJQRVWLF DQG
WKHUDSHXWLFXOWUDVRXQGDQGVHHPVWKHQDWXUDOFDQGLGDWH
IRUKLJKDFRXVWLFWRHOHFWULFDOSRZHUJHQHUDWLRQDW WKH
PLOOLPHWHU VFDOH EHFDXVH RI LWV KLJK DFRXVWLF SRZHU
RXWSXW DV D WUDQVPLWWHU 2Q WKH RWKHU KDQG WKH
GLDSKUDJP FDQ HDVLO\ EH RYHUORRNHG IRU DFRXVWLF WR
HOHFWULFDO SRZHU JHQHUDWLRQ IRU WZR UHDVRQV )LUVW LW
RSHUDWHV LQ WKHPRGHZKLFKKDVD ORZHUFRXSOLQJ
FRHIILFLHQW WKDQ WKH  PRGH RI WKH SODWH 6HFRQG
GLDSKUDJPVXVHVLJQLILFDQWO\OHVVSLH]RHOHFWULFPDWHULDO
WKDQSODWHVRI WKHVDPHGLDPHWHUDQGDUH WKXVXVXDOO\
RXWSHUIRUPHGE\SODWHVLQWHUPVRIDFRXVWLFWRHOHFWULFDO
SRZHU JHQHUDWLRQ +RZHYHU WKH GLDSKUDJP KDV D
VWUHQJWK WKDW LVSDUWLFXODUO\XVHIXOIRUELRLPSODQWDEOH
SRZHU DSSOLFDWLRQV LW FDQ RSHUDWH DW PXFK ORZHU
IUHTXHQFLHV WKDQ WKH SODWH PHDQLQJ OHVV VLJQDO
DWWHQXDWLRQDQGWLVVXHKHDWLQJ,WVKRXOGEHQRWHGWKDW
LQ)LJXUHWKHSLH]RHOHFWULFOD\HUGRHVQRWH[WHQGRYHU
WKH HQWLUH GLDSKUDJP ,Q VRPH RWKHU FRPPRQ
GLDSKUDJP RU 3087 GHVLJQV WKH SLH]RHOHFWULF OD\HU
GRHV H[WHQG RYHU WKH HQWLUH GLDSKUDJP 7KH UHVXOWV

)LJXUH6LGHYLHZFURVVVHFWLRQRIWKHSODWHOHIWDQGGLDSKUDJPULJKWZLWKUHOHYDQWGLPHQVLRQVERXQGDU\
FRQGLWLRQV DQGSROLQJGLUHFWLRQV1RWH WKDW LQ WKH IURQWYLHZERWK WKHSODWHDQGGLDSKUDJPDUFKLWHFWXUHVDUH
FLUFXODU
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SUHVHQWHG KHUH GR QRW VXEVWDQWLDOO\ FKDQJH LI WKH
SLH]RHOHFWULFOD\HUH[WHQGVRYHUWKHHQWLUHGLDSKUDJP
7KLV SDSHU LV RUJDQL]HG DV IROORZV /XPSHG
SDUDPHWHU PRGHOV RI WKH SODWH DQG GLDSKUDJP DUH
SUHVHQWHG $ GLVFXVVLRQ RI ORVV PHFKDQLVPV DQG WKH
PRGHOV IRU WKRVH PHFKDQLVPV IROORZV ([SHULPHQWDO
YDOLGDWLRQIRUWKHOXPSHGSDUDPHWHUDQGORVVPRGHOVLV
SUHVHQWHG DW UHODWLYHO\ ODUJH LH  FP GLDPHWHU
GHYLFHVVL]HVFDOHV7KHPRGHOVDUHWKHQXVHGWRVWXG\
DFRXVWLF WR HOHFWULFDO SRZHU JHQHUDWLRQ DV JHQHUDWRU
VL]HV DUH VFDOHG GRZQ WR  P LQ GLDPHWHU RYHU
LPSODQWGHSWKVIURPWRFP
0RGHOLQJ
$FRXVWLF WUDQVGXFHUV DUH RIWHQ PRGHOHG ZLWK
OXPSHG SDUDPHWHU FLUFXLW PRGHOV 3UDVDG HW DO
6KHUULW HW DO  (TXLYDOHQW FLUFXLWPRGHOV
DUHXVHIXOLQWKDWWKH\FDQEHVLPXODWHGUDSLGO\DQGXVHG
WRTXLFNO\RSWLPL]HDGHVLJQ7KHFLUFXLWFRPSRQHQWV
XVHG WR PRGHO WKH SODWH DQG GLDSKUDJP DUH JLYHQ LQ
)LJXUH7KHSODWHPRGHOHPSOR\HGLV0DVRQ¶VPRGHO
ZKLFK LVHTXLYDOHQW WR WKH./0PRGHODQG'ZDYH
HTXDWLRQV6KHUULWHWDO7KHGLDSKUDJPPRGHO
XVHG ZDV SURSRVHG E\ 3UDVDG 3UDVDG HW DO 
3UDVDG¶VPRGHOLVGHULYHGIURPFRPSRVLWHSODWHWKHRU\
DQGLVVXSSRUWHGE\H[SHULPHQWDOYDOLGDWLRQ:HKDYH
HPSOR\HG WKHVH EDVLF FLUFXLW PRGHOV LQ FRQMXQFWLRQ
ZLWKDQDO\WLFDOPRGHOV IRUDFRXVWLF UDGLDWLRQ ORVVDQG
YLVFRXVGUDJ7KHVHORVVHVWDNHWKHIRUPRIWKHUHVLVWRU
54DQGHQDEOHSURSHUVFDOLQJRIVLPXODWLRQGDWDZLWKRXW
KDYLQJWRJDWKHUHPSLULFDO ORVVPHDVXUHPHQWVDWHDFK
WUDQVGXFHUVL]H7KHVHORVVHVDUHGLVFXVVHGIXUWKHULQWKH
³'DPSLQJ´VHFWLRQRIWKLVSDSHU,WLVLPSRUWDQWWRQRWH
WKDWLQSULRUSXEOLVKHGZRUNVWKHWUDQVPLWWHUG\QDPLFV
KDYH SOD\HG DQ LPSRUWDQW UROH LQ WKH SRZHU DQG
HIILFLHQF\UHVXOWVRIWKHJHQHUDWRU6KHUULWHWDO
,QWKLVZRUNWKHWUDQVPLWWHUG\QDPLFVDUHRQO\PRGHOHG
LQ WKH ³([SHULPHQWDO 6HWXS 	 0RGHO 9DOLGDWLRQ´
VHFWLRQ RI WKLV SDSHU ,Q DOO RWKHU VLPXODWLRQV WKH
)LJXUH(TXLYDOHQWFLUFXLWPRGHOVIRUWKHSODWHOHIWDQGGLDSKUDJPULJKW7KHJUH\DUURZVZLWKODEHOVLQGLFDWH
H[WHUQDO FRPSRQHQWV WKDW DWWDFK WR HDFK SRUW 7KH ODEHOV EHQHDWK WKH FLUFXLW LQGLFDWH WKH GRPDLQ ZLWK WKHLU
DVVRFLDWHGSRZHUVWDWHVHIIRUWIORZ

7DEOH  /HIW3URSHUWLHV RI WKH SLH]RHOHFWULFPDWHULDO VKLP DQGPHGLXPV XVHG LQ WKH VFDOLQJ VLPXODWLRQV
5LJKW'HVFULSWLRQRIYDULDEOHVXVHGLQWKHHTXDWLRQVSUHVHQWHGLQWKLVSDSHU9DULDEOHVQRWIRXQGLQWKLVWDEOH
DUHGHILQHGLQ)LJXUHVWR6XEVFULSWVDWWDFKHGWRWKHGHVFULEHGYDULDEOHVDUHDESUWZ3DQG'PHDQLQJ
DLUEDFNLQJSLH]RUHVRQDQFHWLVVXHZDWHU3ODWHDQG'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WUDQVPLWWHULVUHSODFHGE\D:PLQWHQVLW\VRXUFH
VHH )LJXUH  WKH VSDWLDOSHDNWHPSRUDODYHUDJH
LQWHQVLW\ OLPLW VSHFLILHG E\ WKH 8QLWHG 6WDWHV )'$
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
3RZHU/RVVHV
$ SULPDU\ GHVLJQ JRDO IRU DQ\ SRZHU JHQHUDWLRQ
V\VWHP LV WR PLQLPL]H SRZHU ORVVHV 7KH GRPLQDQW
SRZHUORVVHVIRUDQXOWUDVRQLFDOO\SRZHUHGLPSODQWDUH
GXH WR EHDP GLYHUJHQFH WLVVXH DEVRUSWLRQ SUHVVXUH
ZDYH UHIOHFWLRQ WUDQVGXFHU GDPSLQJ SLH]RHOHFWULF
FRXSOLQJ SRZHU HOHFWURQLFV DQG HOHFWULFDO ORDG
LPSHGDQFHPLVPDWFK$YLVXDOUHSUHVHQWDWLRQRIWKHVH
ORVVHV DQG WKHLU LPSOHPHQWDWLRQ LQ WKH VFDOLQJ
VLPXODWLRQPRGHODUHVKRZQLQ)LJXUHIROORZHGE\D
EULHIGLVFXVVLRQRIHDFKRI WKH ORVVHVZLWK LQVLJKWV WR
WKHLU GHSHQGHQFHRQGLDPHWHU DQG DVSHFW UDWLR$ OLVW
DQGH[SODQDWLRQRIYDULDEOHVDQGWKHSURSHUWLHVRI WKH
SLH]RHOHFWULFPDWHULDOVKLPDQGWLVVXHXVHGWRREWDLQ
WKHVLPXODWLRQ UHVXOWV LQ WKHIROORZLQJSDUDJUDSKVDUH
JLYHQLQ7DEOH
 
Beam Divergence. %HDP GLYHUJHQFH LV VWURQJO\
GHSHQGHQWRQWKHUDWLRRIWKHWUDQVPLWWHUGLDPHWHUWRWKH
ZDYHOHQJWK LQ WKH PHGLXP DQG WKXV ZLOO RQO\ EH
DFFRXQWHG IRU LQ WKH ³([SHULPHQWDO 6HWXS 	 0RGHO
9DOLGDWLRQ´ VHFWLRQ RI WKLV SDSHU 7KH DFRXVWLF EHDP
UDGLXVݎ௕௘௔௠IRUDQXQIRFXVHGFLUFXODUSODWHLVJLYHQLQ
 DQG WKH DVVRFLDWHG SRZHU GLYHUWHG LV JLYHQ LQ 
ሺǡ ͳͻͺͺሻ %HDP GLYHUJHQFH IRU WKH
GLDSKUDJPLVDSSUR[LPDWHGE\VHWWLQJWKHEHDPUDGLXV
HTXDO WR WKH GHSWK RI WKH PHGLXP ݀ $OWKRXJK WKH
VLPXODWLRQV LQ WKLV SDSHU DVVXPH D IRFXVHGEHDP QR
SRZHUGLYHUWHGLWLVXVHIXOWRQRWHWKDWDEHDPODUJHU
WKDQ WKH LPSODQW LV OLNHO\ GHVLUDEOH WR IDFLOLWDWH
VXSSO\LQJSRZHUWRWKHLPSODQW
)LJXUH/HIW6RXUFHVRISRZHUORVVEHWZHHQWKHWUDQVPLWWHU¶VDFRXVWLFRXWSXWDQGWKHORDG5LJKW&LUFXLW
PRGHO LPSOHPHQWDWLRQ IRU WKH VFDOLQJ VLPXODWLRQV LQ ³3RZHU /RVVHV´ DQG ³*HQHUDWHG 3RZHU &RPSDULVRQ´
VHFWLRQVRI WKLVSDSHU1RWH WKDW WKH WUDQVPLWWHUFRPSRQHQW LVUHSODFHGE\DVRXUFH LQWHQVLW\DQG WKHSUHVVXUH
VRXUFHRQWKHWUDQVGXFHUHTXLYDOHQWFLUFXLWUHSUHVHQWVWKHVRXUFHSUHVVXUHPLQXVWLVVXHDEVRUSWLRQDQGUHIOHFWLRQ
ORVVHV

)LJXUH5HVRQDQFHIUHTXHQF\RIWKHSODWHOHIWDQGGLDSKUDJPULJKWLPSODQWHGLQPXVFOHDWYDULRXVDVSHFW
UDWLRVDQGGLDPHWHUV7KHGLDSKUDJPJUDSKLVVSOLWE\DZKLWHGRWWHGOLQHWKDWUHSUHVHQWVWKHN+]ERXQGDU\
EHWZHHQWKHDXGLEOHDQGXOWUDVRQLFUHJLRQV

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Tissue Absorption. 7KH SRZHU DEVRUEHG LQ WLVVXH RU
WLVVXHKHDWLQJLVJLYHQLQሺǡͳͻͺͺሻDQG
LV KHDYLO\ GHSHQGHQW RQ DFRXVWLF IUHTXHQF\ $V WKH
DFRXVWLF IUHTXHQF\ LQFUHDVHV OLQHDUO\ WKH DFRXVWLF
SRZHU UHPDLQLQJ DIWHU WUDYHOLQJ WKURXJK WKH WLVVXH
GHFUHDVHVH[SRQHQWLDOO\7KHUHIRUHWRPLQLPL]HSRZHU
ORVVHVGXHWRDEVRUSWLRQDJHQHUDWRUVKRXOGEHGHVLJQHG
ZLWK D ORZ DFRXVWLF UHVRQDQFH IUHTXHQF\ 7KH
UHVRQDQFH IUHTXHQF\ RI WKH SODWH DUFKLWHFWXUH ௥݂ǡ௉ LV
JLYHQLQ$VWKHWKLFNQHVVRIWKHSODWHGHFUHDVHVLWV
UHVRQDQFH IUHTXHQF\ LQFUHDVHVVXFK WKDWDWPLOOLPHWHU
WKLFNQHVVHVWKHUHVRQDQFHIUHTXHQF\LVRQWKHRUGHURI
0+]UHVXOWLQJLQKLJKWLVVXHDEVRUSWLRQ2QWKHRWKHU
KDQGWKHUHVRQDQFHIUHTXHQF\RIWKHGLDSKUDJP ௥݂ǡ஽
JLYHQLQZLWKWKHDGGHGYLUWXDOPDVVIDFWRU$90)
ߚ JLYHQ LQ  ሺǡ ʹͲͲͻሻ DQG WKH YLVFRVLW\
VFDOLQJIDFWRUߦJLYHQLQLVRQWKHRUGHURIN+]IRU
VLPLODU VL]HV UHVXOWLQJ LQ VLJQLILFDQWO\ ORZHU WLVVXH
DEVRUSWLRQWKDQWKHSODWH)LJXUHJLYHVWKHUHVRQDQFH
IUHTXHQF\ RI WKH SODWH DQG GLDSKUDJP DUFKLWHFWXUHV
ZKHQVXUURXQGHGE\PXVFOHIRUPLOOLPHWHUGLDPHWHUV
7KH UHVXOWLQJ SHUFHQW SRZHU ORVW WKURXJK  FP RI
PXVFOHLVVKRZQLQ)LJXUH

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Reflection.5HIOHFWLRQ RI DFRXVWLF SUHVVXUHZDYHV RII
WKH IDFH RI WKH LPSODQW UHFHLYHU LV GXH WR DFRXVWLF
LPSHGDQFHPLVPDWFKEHWZHHQWKH WLVVXHDQGUHFHLYHU
7KH DFRXVWLF LPSHGDQFH IRU WKH SODWH LQ WHUPV RI
HTXLYDOHQWFLUFXLWLPSHGDQFHVVHH)LJXUHLVJLYHQLQ
 DQG WKH DFRXVWLF LPSHGDQFH RI WKH GLDSKUDJP LV
JLYHQLQ1RWHWKDWVXEVFULSWV3DQG'UHIHUWRWKH
SODWH DQG GLDSKUDJP UHVSHFWLYHO\ VHH 7DEOH  IRU D
FRPSOHWH OLVW RI YDULDEOHV7KHSRZHU UHIOHFWHG IURP
WKHVXUIDFHRIWKHSODWHRUGLDSKUDJPZKHQLPSODQWHGLQ
WLVVXH LV JLYHQ LQ  ሺ&KULVWHQVHQ ሻ )LJXUH 
JLYHV D YLVXDO UHSUHVHQWDWLRQ RI WKH SHUFHQW SRZHU
UHIOHFWHGIURPWKHVXUIDFHRI WKHSODWHDQGGLDSKUDJP
ZKHQ LPSODQWHG LQ PXVFOH DQG H[FLWHG DW WKH
IXQGDPHQWDO PHFKDQLFDO UHVRQDQFH IUHTXHQF\ RI WKH
WUDQVGXFHU UHVRQDQFHIUHTXHQFLHVVKRZQLQ)LJXUH
DV D IXQFWLRQRIGLDPHWHUDQGDVSHFW UDWLR7KHZKLWH
GRWWHGOLQHUHSUHVHQWV]HURUHIOHFWLRQRUWKHSRLQWZKHUH
WKH DFRXVWLF LPSHGDQFH RI WKH WUDQVGXFHU DQGPXVFOH
PDWFK)URPWKHILJXUHLWLVDSSDUHQWWKDWWKHDFRXVWLF
LPSHGDQFHDQGWKXVSRZHUUHIOHFWHGIRUERWKWKHSODWH
DQGGLDSKUDJPFDQEHDGMXVWHGZLWKDVSHFWUDWLRVXFK
WKDW UHIOHFWLRQ LV PLQLPL]HG +RZHYHU DV GLDPHWHU
GHFUHDVHVWKHVHQVLWLYLW\RIWKHDFRXVWLFLPSHGDQFHWR
FKDQJHVLQDVSHFWUDWLRGHFUHDVHV

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)LJXUH3HUFHQWRIVRXUFHSRZHUDEVRUEHGIRUWKHSODWHOHIWDQGGLDSKUDJPULJKWZKHQLPSODQWHGFPLQWR
PXVFOH7KHSRZHUDEVRUEHGLVGHSHQGHQWRQWKHUHVRQDQFHIUHTXHQF\RIWKHLPSODQWHGJHQHUDWRU
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
$Q HIIHFWLYH ZD\ WR UHGXFH UHIOHFWLRQV IRU SODWH
WUDQVGXFHUV LV WR DGG D TXDUWHU ZDYHOHQJWK PDWFKLQJ
OD\HUEHWZHHQWKHWUDQVGXFHUIDFHDQGWKHPHGLXP7KH
PDWFKLQJOD\HULGHDOO\KDVDQDFRXVWLFLPSHGDQFHHTXDO
WRඥܼ௧ܼ௉DQGUHGXFHVWKHWUDQVGXFHU¶VTXDOLW\IDFWRU
LQDGGLWLRQ WR UHIOHFWLRQ ,QGLDJQRVWLFXOWUDVRXQG WKH
UHGXFWLRQLQTXDOLW\IDFWRUDQGUHIOHFWLRQLVDZLQZLQ
VLWXDWLRQ ,Q SRZHU WUDQVIHU WKH UHGXFWLRQ LQ TXDOLW\
IDFWRU LV WKH WUDGHRII WR WKH UHGXFWLRQ LQ UHIOHFWLRQ
)XUWKHU IRU DQ LPSODQW ZLWK VL]H OLPLWDWLRQV WKH
PDWFKLQJOD\HUDFWVWRUHGXFHWKHDYDLODEOHWKLFNQHVVRI

)LJXUH3HUFHQWSRZHUUHIOHFWHGIURPWKHSODWHOHIWDQGWKHGLDSKUDJPULJKWZKHQLPSODQWHGLQPXVFOHDVD
IXQFWLRQRIWKHDVSHFWUDWLRDQGGLDPHWHU7KHZKLWHGRWWHGOLQHUHSUHVHQWV]HURSRZHUUHIOHFWHG

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
)LJXUH&RPELQHGTXDOLW\IDFWRUDFRXVWLFUDGLDWLRQORVVYLVFRXVGUDJDQGPDQXIDFWXUHUVSHFLILHG³0HFKDQLFDO
4´IRUWKHSODWHOHIWDQGWKHGLDSKUDJPULJKWZKHQLPSODQWHGLQPXVFOHDVDIXQFWLRQRIGLDPHWHUDQGDVSHFW
UDWLR





WKH SLH]RHOHFWULF PDWHULDO ZKLFK UHVXOWV LQ D KLJKHU
IUHTXHQF\WUDQVGXFHUZLWKKLJKHUDEVRUSWLRQ7KXVIRU
WKLVVWXG\PDWFKLQJ OD\HUVZLOOQRWEHFRQVLGHUHGIRU
WKHSODWHWUDQVGXFHU

Damping. $W PLOOLPHWHU GLDPHWHUV WKH GDPSLQJ
FRQWULEXWRUVRIPRVWVLJQLILFDQFHDUHDFRXVWLFUDGLDWLRQ
ORVV DQG YLVFRXV GUDJ )RU WKH SODWH DUFKLWHFWXUH
DFRXVWLF UDGLDWLRQ ORVV LV D IXQFWLRQ RI DFRXVWLF
LPSHGDQFHRQO\DQGLVJLYHQLQ9LVFRXVGUDJRQ
WKHSODWHJLYHQLQZDVGHULYHGXVLQJDSURFHGXUH
VLPLODUWRWKDWLQ.R]ORYVN\DQG/DPE
DQGLVGHSHQGHQWRQWKHDVSHFWUDWLRDQGWKHYLVFRVLW\
VFDOLQJ IDFWRUȟ2Q WKHRWKHUKDQGERWK WKHDFRXVWLF
UDGLDWLRQ ORVVDQGYLVFRXVGUDJIRU WKHGLDSKUDJPDUH
GHSHQGHQW RQ WKH$90) ȕ DQG WKH YLVFRVLW\ VFDOLQJ
IDFWRUȟDQGDUHJLYHQLQDQGሺǤǡ
ʹͲͳͳሻ UHVSHFWLYHO\7KHFRPELQHGTXDOLW\ IDFWRUDVD
IXQFWLRQRIGLDPHWHUDQGDVSHFWUDWLRLVVKRZQLQ)LJXUH
ZKLFKLQGLFDWHVDJHQHUDOO\KLJKHUTXDOLW\IDFWRUIRU
WKH SODWH 7R LQFRUSRUDWH GDPSLQJ LQWR WKH QHWZRUN
PRGHOVWKHUHVLVWRUࡾࡽLVFDOFXODWHGIRUWKHSODWHLQ
DQGIRUWKHGLDSKUDJPLQZKHUHࡽ࢚࢕࢚LQFOXGHVWKH
TXDOLW\ IDFWRU FRQWULEXWLRQV IURP DOO VRXUFHV RI
WUDQVGXFHU VSHFLILF ORVVHV VXFK DV DFRXVWLF UDGLDWLRQ
ORVV YLVFRXV GUDJ VXSSRUW ORVV FU\VWDO GHIHFWV HWF
1RWHWKDWWKHTXDOLW\IDFWRUFRQWULEXWLRQVIURPDFRXVWLF
UDGLDWLRQ ORVV YLVFRXV GUDJ DQG WKH PDQXIDFWXUHU
VSHFLILHG³0HFKDQLFDO4´IRUWKHPDWHULDODUHWKHRQO\
ORVVHVFRQVLGHUHGLQWKLVSDSHU$OVRQRWHWKDWDOWKRXJK
DORZTXDOLW\IDFWRULVGHVLUDEOHWRDFKLHYHEHWWHUD[LDO
UHVROXWLRQLQGLDJQRVWLFXOWUDVRXQGDKLJKTXDOLW\IDFWRU
LVGHVLUDEOHWRDFKLHYHPRUHSRZHUWRWKHORDGZKHQWKH
WUDQVGXFHULVVROHO\XVHGIRUDFRXVWLFSRZHUWUDQVIHU 
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Piezoelectric Coupling. 7KH SLH]RHOHFWULF FRXSOLQJ
FRHIILFLHQWNLVDYDOXHEHWZHHQDQGDQGLVGHILQHG
DV WKH PHFKDQLFDOHOHFWULFDO HQHUJ\ FRQYHUWHG WR
HOHFWULFDOPHFKDQLFDOHQHUJ\GLYLGHGE\WKHWRWDOLQSXW
PHFKDQLFDOHOHFWULFDOHQHUJ\7KHYDOXHRIWKHFRXSOLQJ
FRHIILFLHQW YDULHV DFFRUGLQJ WR PDWHULDO DQG WKH
GLUHFWLRQ RI VWUDLQ UHODWLYH WR WKH GLUHFWLRQ RI
SRODUL]DWLRQ7KHSODWHDUFKLWHFWXUHRSHUDWHVLQWKH
PRGHPHDQLQJVWUDLQDQGSRODUL]DWLRQDUHLQWKHVDPH
GLUHFWLRQUHVXOWLQJLQDKLJKFRXSOLQJFRHIILFLHQW3LH]R
PDQXIDFWXUHUVW\SLFDOO\VSHFLI\NDQGNW%RWKYDOXHV
UHIHU WR WKH PRGHEXW N LV IRU F\OLQGHUV DVSHFW
UDWLRاDQGNWLVIRUSODWHVDVSHFWUDWLRDQGNWLV
W\SLFDOO\ ORZHU WKDQ N 2Q WKH RWKHU KDQG WKH
GLDSKUDJPRSHUDWHVLQWKHPRGHPHDQLQJWKDWVWUDLQ
DQG SRODUL]DWLRQ DUH SHUSHQGLFXODU WR HDFK RWKHU
UHVXOWLQJLQDORZHUFRXSOLQJFRHIILFLHQW7KHYDOXHN
UHIHUVWRWKHPRGHDQGLVW\SLFDOO\ORZHUWKDQERWK
N DQG NW VHH 7DEOH  )RU 3=7 WKH  FRXSOLQJ
FRHIILFLHQWLVDSSUR[LPDWHO\IRXUWLPHVODUJHUWKDQWKH
FRXSOLQJFRHIILFLHQW1RWHWKLVGRHVQRWPHDQWKDW
WKHPRGHLVIRXUWLPHVPRUHHIILFLHQW,WPHDQVWKDW
PRUHRIWKHPHFKDQLFDOH[FLWDWLRQHQHUJ\LVFRQYHUWHG
WR HOHFWULFDO HQHUJ\ 7KH XQFRQYHUWHG PHFKDQLFDO
HQHUJ\ LV QRW QHFHVVDULO\ ORVW 0XFK RI LW ZLOO EH
UHWDLQHGDVNLQHWLFHQHUJ\LQWKHSODWHRUGLDSKUDJP,Q
JHQHUDO PRUH KLJKO\ FRXSOHG V\VWHPV DUH DEOH WR
JHQHUDWH PRUH SRZHU +RZHYHU WKHUH LV D SRLQW RI
GLPLQLVKLQJ UHWXUQV ZKHUH H[WUD FRXSOLQJ VHUYHV WR
IXUWKHU GDPSHQ WKH V\VWHP UHGXFLQJ PHFKDQLFDO
GLVSODFHPHQWVDQGWKHSRZHUFRQYHUVLRQEHFRPHVVHOI
OLPLWLQJLQDZD\7KHSRLQWDWZKLFKH[WUDFRXSOLQJLV
QRORQJHURIPXFKEHQHILWGHSHQGVRQWKHPHFKDQLFDO
TXDOLW\IDFWRUܳ௧௢௧,IWKHTXDOLW\IDFWRULVKLJKHUKLJK
RXWSXWSRZHUZLOOEHDFKLHYHGZLWKORZHUSLH]RHOHFWULF
FRXSOLQJ ,I WKH TXDOLW\ IDFWRU LV ORZHU KLJK RXWSXW
SRZHU ZLOO UHTXLUH KLJKHU OHYHOV RI SLH]RHOHFWULF
FRXSOLQJ
,W LV LPSRUWDQW WR QRWH WKDW WKH PDJQLWXGH RI WKH
SRZHUWUDQVGXFHGLVSURSRUWLRQDOWRWKHYROXPHRIWKH
SLH]RHOHFWULFPDWHULDODQGSURSRUWLRQDOWRWKHVTXDUHRI
WKH DYHUDJH VWUDLQ LQGXFHG LQ WKH PDWHULDO 6LQFH
GLDSKUDJPV W\SLFDOO\ XWLOL]H VLJQLILFDQWO\ OHVV
SLH]RHOHFWULFPDWHULDOWKDQSODWHVRIWKHVDPHGLDPHWHU
GLDSKUDJPV DUH GLVDGYDQWDJHG +RZHYHU WKLV
GLVDGYDQWDJH LVPLWLJDWHG E\ WKH IDFW WKDW WKHLU VWUDLQ
OHYHOLVJHQHUDOO\PXFKKLJKHUWKDQSODWHV7KHHIIHFWRI
SLH]RHOHFWULF FRXSOLQJ LV HPEHGGHG LQ WKH SODWH DQG
GLDSKUDJPHTXLYDOHQWFLUFXLWPRGHOV
 
Power Electronics.3RZHUHOHFWURQLFVZKHWKHUSDVVLYH
RU DFWLYH ZLOO EH UHTXLUHG WR FRQGLWLRQ WKH SRZHU LQ
RUGHUWREHFRPSDWLEOHZLWKVHQVRUVDQGRWKHUGHYLFHV
7R VLPSOLI\ WKH FRPSDULVRQ EHWZHHQ WKH SODWH DQG
GLDSKUDJPDUFKLWHFWXUHVSRZHUHOHFWURQLFVZLOOQRWEH
FRQVLGHUHG LQ WKLV SDSHU +RZHYHU D FRPSDULVRQ RI
SRZHU HOHFWURQLFV IRU SLH]RHOHFWULF HQHUJ\ KDUYHVWHUV
FDQEHIRXQGLQ*X\RPDUDQG/DOODUW

Electrical Impedance Mismatch.(OHFWULFDOLPSHGDQFH
PLVPDWFKLVVLPLODUWRDFRXVWLFSUHVVXUHZDYHUHIOHFWLRQ
ZKHUH WKH HOHFWULFDO SRZHU LV UHIOHFWHG LQVWHDG RI
DFRXVWLF SRZHU DQG WKH PLVPDWFK LV EHWZHHQ WKH
HOHFWULFDOORDGLPSHGDQFHDQGWKHHOHFWULFDOLPSHGDQFH
RI WKH SLH]R :LWK XOWUDVRQLF WUDQVGXFHUV HOHFWULFDO
PDWFKLQJ LV RIWHQ FDOOHG WXQLQJ 7XQLQJ D WUDQVGXFHU
LQYROYHV DGGLQJ DQ LQGXFWRU DQG UHVLVWRU LQ SDUDOOHO
ZLWK WKH SLH]RHOHFWULF FDSDFLWDQFH & WR PDWFK WKH
HOHFWULFDOUHVRQDQFHWRWKHPHFKDQLFDOUHVRQDQFH7KLV





FDQ EH GRQH IRU ERWK WKH SODWH DQG WKH GLDSKUDJP
WUDQVGXFHUV WR VLJQLILFDQWO\ LQFUHDVH WKH SRZHU
JHQHUDWHG +RZHYHU GHSHQGLQJ RQ WKH VL]H DQG
PHFKDQLFDO UHVRQDQFH IUHTXHQF\ RI WKH WUDQVGXFHU LW
PD\QRWEHSUDFWLFDOWRILWWKHUHTXLUHGLQGXFWRURQDQ
LPSODQW )RU WKLV UHDVRQ IXOO FRPSOH[ PDWFKLQJ
LQGXFWRUSOXVUHVLVWRULVUHSODFHGE\UHVLVWLYHPDWFKLQJ
UHVLVWRUZLWKYDOXHRIͳȀ߱ܥ଴VKRZQLQ)LJXUHIRU
VLPSOLILFDWLRQ
([SHULPHQWDO6HWXS	0RGHO9DOLGDWLRQ
7R YDOLGDWH WKH SODWH DQG GLDSKUDJP HTXLYDOHQW
FLUFXLWV SDLUHG ZLWK WKH ORVV UHODWLRQVKLSV GLVFXVVHG
SUHYLRXVO\ H[SHULPHQWDO GDWD ZDV REWDLQHG IURP
PDFURVFDOHGHYLFHVDQGFRPSDUHGWRVLPXODWLRQGDWD
7RREWDLQH[SHULPHQWDOGDWDD[[FP WDQN
ZLWK DFRXVWLF DEVRUEHUV DQG WUDQVGXFHUV VKRZQ LQ
)LJXUHZDVFRQVWUXFWHG7KHDFRXVWLFDEVRUEHUSDQHOV
ZHUH IDEULFDWHG IURP  PP WKLFN XOWUDVRIW
SRO\XUHWKDQH 0F0DVWHU &DUU . ZKLFK
H[SHULPHQWDOO\H[KLELWVDIDLUO\VWHDG\SUHVVXUH
DWWHQXDWLRQ DIWHU RQH SDVV EHWZHHQ  N+] DQG 
0+] )RU WKH WUDQVGXFHUV SLH]RHOHFWULF SODWHV $3&
,QF PDWHULDO PP WKLFN PPGLDPHWHU
DQGGLDSKUDJPV6WHPLQF603''7)ZHUH
PRXQWHG WR$%6 WXELQJ 0F0DVWHU&DUU 7
ZLWK F\DQRDFU\ODWH DQG SODFHG LQ WKH GLVWLOOHGZDWHU
ILOOHGWDQNDVWUDQVPLWWHUUHFHLYHUSDLUV7HVWVZHUHUXQ
ZLWKDVZHSW9SNVLQXVRLGDOLQSXWIURPDIXQFWLRQ
JHQHUDWRU 5LJRO '*$ FRQQHFWHG WR D SRZHU
DPSOLILHU 5LJRO 3$ LQ VHULHV ZLWK D  RKP
UHVLVWRU'DWDZDVFROOHFWHGXVLQJDVSHFWUXPDQDO\]HU
3LFR6FRSH  RQ SHDNKROG PRGH )UHTXHQF\
VZHHSUDQJHVZHUHEHWZHHQN+]DQG0+]IRU
WKHSODWHWUDQVGXFHUVDQGEHWZHHQN+]DQGN+]
IRU WKH GLDSKUDJP WUDQVGXFHUV RYHU  VHFRQGV
'XULQJWKHWHVWWKHUHFHLYHUORDGFXUUHQWZDVPHDVXUHG
DQG UHFRUGHG ,W VKRXOG EH QRWHG WKDW DOWKRXJK WKH
IUHTXHQF\ UDQJH RI WKH GLDSKUDJP LV QRW LQ WKH
XOWUDVRQLFUHJLRQDERYHN+]DQGWKHRKPORDG
UHVLVWRU LV QRW WKH RSWLPDO ORDG UHVLVWRU YDOXH IRU WKH
WUDQVGXFHUVWKHH[SHULPHQWVWLOOVHUYHVWKHHQGJRDORI
YDOLGDWLQJ WKH QHWZRUN HTXLYDOHQW PRGHOV RI WKH
WUDQVGXFHUV7KH UHVLVWRU YDOXHV DQG WUDQVGXFHUVZHUH
FKRVHQWRIDFLOLWDWHPDQXIDFWXULQJDQGWHVWLQJ
6LPXODWLRQV ZHUH SHUIRUPHG XVLQJ WKH PRGHOV
VKRZQ LQ )LJXUH  DQG PDWHULDO SURSHUWLHV JLYHQ LQ
7DEOHDQGDUHFRPSDUHGZLWKWKHPHDVXUHGUHFHLYHU
ORDGFXUUHQWVKRZQLQ)LJXUH7KHVLPXODWHGUHVXOWV
JLYH D JRRG IHHO IRU WKH VKDSH DQGPDJQLWXGH RI WKH
H[SHULPHQWDOGDWD$IHZLPSRUWDQWQRWHVDERXW)LJXUH
 VKRXOGEHFRQVLGHUHG%HDPGLYHUJHQFH IRU WKH
GLDSKUDJPLVDSSUR[LPDWHGE\DVVXPLQJDGLYHUJHQFH
DQJOH RI  ZKLFK WUDQVODWHV WR WKH HIIHFWLYH EHDP
UDGLXV ݎ௕௘௔௠ EHLQJ HTXDO WR WKH VHSDUDWLRQ GLVWDQFH
)LJXUH/HIW$FRXVWLFWHVWWDQNZLWKDEVRUEHUSDQHOVDQGSRVLWLRQLQJV\VWHP5LJKW3ODWHWUDQVPLWWHUDQG
UHFHLYHUVHSDUDWHGE\ZDWHULQWKHDFRXVWLFWHVWWDQN

7DEOH3URSHUWLHVOHIWDQGPPGLPHQVLRQVULJKWRIWKHSODWHVDQGGLDSKUDJPVXVHGIRUPRGHOYDOLGDWLRQ





EHWZHHQWKHGLDSKUDJPV,QWKHIROORZLQJVHFWLRQEHDP
GLYHUJHQFHZLOO EH QHJOHFWHG WR VLPSOLI\ WKH DQDO\VLV
DQGSURYLGHPRUHLQVLJKWIXOUHVXOWV2QO\DQDO\WLFDO
UHODWLRQVKLSVQRWHPSLULFDOPHDVXUHPHQWVDUHXVHGWR
REWDLQWKHTXDOLW\IDFWRUXVHGLQWKHVLPXODWLRQPRGHO
,Q WKH IROORZLQJ VHFWLRQ WKH VDPH DQDO\WLFDO
UHODWLRQVKLSVZLOOEHXVHGWRREWDLQVLPXODWLRQUHVXOWVDV
WKH WUDQVGXFHUV DUH VFDOHG GRZQ LQ VL]H  7KH
H[SHULPHQWDOGDWDIRUWKHSODWHH[KLELWVSHDNVWKDWDUH
QRW DFFRXQWHG IRUE\ WKH VLPXODWLRQ7KHVHSHDNV DUH
VWDQGLQJZDYHVDQGDUHDUHVXOWRIWKHG\QDPLFVRIWKH
PHGLXP EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU 7KH
IUHTXHQFLHVDWZKLFKWKHVWDQGLQJZDYHVDSSHDULVJLYHQ
LQ  7KH DPSOLWXGH RI WKH SHDNV LV GHSHQGHQW RQ
WUDQVPLWWHUGLDPHWHUIUHTXHQF\WUDQVPLWWLQJGHSWKDQG
PHGLXP PDWHULDO SURSHUWLHV DQG LV DQ LPSRUWDQW
FRQVLGHUDWLRQ ZKHQ GHVLJQLQJ D IXOO WUDQVPLWWHU
PHGLXPUHFHLYHUV\VWHP6LQFHWKHIRFXVRIWKLVSDSHU
LVWKHFRPSDULVRQRIUHFHLYHUDUFKLWHFWXUHVWKHPHGLXP
G\QDPLFV DUH QHJOHFWHG LQ DOO VLPXODWLRQ GDWD LQ WKLV
SDSHU,QWKLVVHFWLRQQHJOHFWLQJWKHPHGLXPG\QDPLFV
DQG LQFOXGLQJ WKH WUDQVPLWWHU G\QDPLFV SURYLGHV D
FRPSDULVRQ EHWZHHQ WKH VLPXODWLRQ PRGHO DQG
H[SHULPHQWDOGDWDZLWKDSUHOLPLQDU\IHHOIRUWKHSRZHU
YDULDWLRQWKHUHFHLYHUFDQH[SHULHQFHDVWKHWUDQVPLWWHU
IUHTXHQF\LVVOLJKWO\DOWHUHG,QWKHIROORZLQJVHFWLRQ
QHJOHFWLQJ WKH PHGLXP DQG WUDQVPLWWHU G\QDPLFV
SURYLGHVDFOHDQHUYLVXDOFRPSDULVRQEHWZHHQUHFHLYHU
DUFKLWHFWXUHVZLWKJHQHUDWHGSRZHUYDOXHVLVRODWHGIURP
WUDQVPLWWHUDQGPHGLXPUHVRQDQFHV 

௦݂௧௔௡ௗ௜௡௚ ௪௔௩௘௦ ൌ
݊ܿ௪
ʹ݀ ݊ ൌ ͳǡʹǡ͵ǥ ሺͳ͹ሻ
*HQHUDWHG3RZHU&RPSDULVRQ
6FDOLQJVLPXODWLRQVZHUHSHUIRUPHGWRFRPSDUHWKH
ORDG SRZHU JHQHUDWHG E\ WKH SODWH WR WKDW RI WKH
GLDSKUDJPDVGLDPHWHULVVZHSWIURPFHQWLPHWHUWRVXE
PLOOLPHWHUVL]HV7KHFLUFXLWFRQILJXUDWLRQXVHGIRUWKH
VFDOLQJVLPXODWLRQVVKRZQLQ)LJXUHULJKWKDVDQ
LQWHQVLW\VRXUFHRI:PDQGDVVXPHV]HUREHDP
GLYHUJHQFH 7KH PDWHULDO SURSHUWLHV XVHG IRU WKH
VLPXODWLRQV DUH JLYHQ LQ 7DEOH  7KH IROORZLQJ
SDUDJUDSKV FRPSDUH WKH ORDG SRZHU RI WKH SODWH DQG
GLDSKUDJPLQWHUPVRIGLDPHWHUDVSHFWUDWLRDQGWLVVXH
GHSWK

Aspect Ratio & Diameter )LJXUH  VKRZV WKH ORDG
SRZHUJHQHUDWHGE\WKHSODWHDQGGLDSKUDJPHPEHGGHG
 FP LQWR PXVFOH DV D IXQFWLRQ RI DVSHFW UDWLR DQG
GLDPHWHU ,W VKRXOGEHQRWHG WKDW WKH ORDGSRZHUZDV
HYDOXDWHG DW WKH UHVRQDQFH IUHTXHQF\ RI WKH ORDGHG
WUDQVGXFHU QRW QHFHVVDULO\ DW WKH RSWLPDO ORDG SRZHU
SRLQW7KHILJXUHUHYHDOVWKDWKLJKHUORDGSRZHUIRUWKH
SODWH WHQGV WR RFFXU DW ODUJHU GLDPHWHUV DQG VPDOOHU
)LJXUH1HWZRUNPRGHOXVHGWRYDOLGDWHWKHSODWHDQGGLDSKUDJPHTXLYDOHQWFLUFXLWPRGHOVFRXSOHGZLWKORVV
UHODWLRQVKLSVIRUWKHSODWHWRSDQGWKHGLDSKUDJPERWWRP7KHWUDQVPLWWHUDFRXVWLFSRZHURXWSXWLVPRGHOHGDV
WKHSRZHUGLVVLSDWHGDFURVVWKHLPSHGDQFHLQWKH³:DWHU´DUHDRIWKHGLDJUDP7KHUHFHLYHUVRXUFHLVPRGHOHGDV
WKHWUDQVPLWWHUDFRXVWLFSRZHURXWSXWPLQXVDEVRUSWLRQEHDPGLYHUJHQFHDQGUHIOHFWLRQORVVHV





DVSHFWUDWLRVZKLOHKLJKHUORDGSRZHUIRUWKHGLDSKUDJP
JHQHUDOO\LQFUHDVHVZLWKGLDPHWHUEXWLVOHVVVHQVLWLYHWR
DVSHFW UDWLR ,W DOVR VKRZV WKDW WKH SODWH ORDG SRZHU
GHFUHDVHVPRUHUDSLGO\ZLWKGHFUHDVLQJGLDPHWHU WKDQ
WKHGLDSKUDJPORDGSRZHUEHFDXVHWKHSODWHRSHUDWHVDW
KLJKHUIUHTXHQFLHVDQGWKXVVXIIHUVIURPKLJKHUWLVVXH
DEVRUSWLRQ:KHQGHVLJQLQJDVPDOOXOWUDVRQLFLPSODQW
WKHDVSHFWUDWLRRIWKHSODWHDQGWKHUHVRQDQFHIUHTXHQF\
RIWKHGLDSKUDJPPD\EHFRPHFRQVWUDLQWV)RUWKHSODWH
DVPDOODVSHFWUDWLRPHDQVKLJKHUORDGSRZHUEXWDOVR
PHDQV D WKLFNHU WUDQVGXFHU WKDW PD\ QRW ILW RQ WKH
LPSODQW DQDVSHFW UDWLRRIPHDQV WKDW WKHGLDPHWHU
DQG WKLFNQHVV DUH WKH VDPH VL]H RU HYHQ EH
PDQXIDFWXUDEOH )RU WKH GLDSKUDJP ORZHU UHVRQDQFH
IUHTXHQFLHVDUHGHVLUDEOHEHFDXVH WKH\UHVXOW LQORZHU
DEVRUSWLRQ +RZHYHU LI WKH WUDQVGXFHU LV WR EH DQ
XOWUDVRQLF WUDQVGXFHU WKHQ WKH UHVRQDQFH IUHTXHQF\
FDQQRWEHORZHUWKDQN+],WLVLPSRUWDQWWRFRQVLGHU
WKDW FDYLWDWLRQ EHFRPHV PRUH RI D FRQFHUQ DW KLJK
SUHVVXUHVDQGORZIUHTXHQFLHV 
7RUHGXFHWKHULVNRIFDYLWDWLRQ WKH8QLWHG6WDWHV
)'$KDVVHWDPHFKDQLFDOLQGH[OLPLW0,JLYHQLQ
RIIRURSKWKDOPLFGuidance for Industry and 
FDA Staff Information for Manufacturers Seeking 
Marketing Clearance of Diagnostic Ultrasound 
Systems and Transducers /HW XV FRQVLGHU WKH

)LJXUH([SHULPHQWDOUHG[DQGVLPXODWLRQEODFNOLQHGDWDIRUWKHWUDQVPLWWHUUHFHLYHUPRGHOYDOLGDWLRQ
VHWXSDWFPFPDQGFPVHSDUDWLRQGLVWDQFHVLQZDWHUIRUWKHSODWHWRSDQGGLDSKUDJPERWWRP


)LJXUH5HFHLYHUORDGSRZHUIRUWKHSODWHOHIWDQGWKHGLDSKUDJPULJKWZKHQLPSODQWHGFPGHHSLQWR
PXVFOHZLWKDVRXUFHLQWHQVLW\RI:P(DFKZKLWHFRQWRXUOLQHUHSUHVHQWVDQRUGHURIPDJQLWXGHGHFUHDVH





FDVHUHIHUUHGWRLQWKLVSDSHUWKDWLVPRVWYXOQHUDEOHWR
FDYLWDWLRQHJN+]:P05D\O,Q
WKLVFDVHWKHSUHVVXUHLQWKHPXVFOHሺ݌ ൌ ඥܫܼ௠௨௦௖௟௘ሻ
LV03D$WN+]0,LVZKLFKLVZHOO
EHORZWKHOLPLW 

ܯܫ ൌ 
ඥ	 ሺͳͺሻ

Depth & Diameter. )LJXUH  VKRZV WKH ORDG SRZHU
JHQHUDWHGE\WKHSODWHDQGGLDSKUDJPDVDIXQFWLRQRI
GLDPHWHUDWYDULRXVLPSODQWGHSWKVLQPXVFOH7KHPRVW
LPSRUWDQW IHDWXUH RI )LJXUH  LV WKH ORDG SRZHU
FRPSDULVRQEHWZHHQWKHSODWHDQGGLDSKUDJP,QWHUPV
RI SRZHU JHQHUDWHG WKH SODWH DQG GLDSKUDJP DUH
FRPSDUDEOH LQ WKHUDQJHEHWZHHQPPDQGFP ,Q
WKLV UDQJH GHVLJQ IDFWRUV RWKHU WKDQ SRZHU VXFK DV
TXDOLW\ IDFWRU RSHUDWLQJ SUHVVXUH JHQHUDWHG YROWDJH
DQG WKLFNQHVV FRQVWUDLQWV ZRXOG GHWHUPLQH ZKLFK
DUFKLWHFWXUH WR XVH %HORZ PP WKH GLDSKUDJP
EHFRPHV D IDU PRUH HQWLFLQJ FKRLFH IRU SRZHU
JHQHUDWLRQ EHFDXVH LWV JHQHUDWHG SRZHU LV PXFK OHVV
VHQVLWLYHWRLPSODQWGHSWKWKDQWKDWRIWKHSODWHDQGWKH
RYHUDOO SRZHU JHQHUDWHG LV JUHDWHU $ IHZ LPSRUWDQW
SRLQWV VKRXOG EH QRWHG  )LJXUH  LV VKRZLQJ WKH
RSWLPDOWUDQVGXFHUGHVLJQIRUHDFKGLDPHWHUDQGGHSWK
FRPELQDWLRQ)RUWKHSODWHWKHRSWLPDOGHVLJQKDSSHQV
WREHDWUDQVGXFHUZLWKDVSHFWUDWLRRIIRUDOOGHSWKV
DQGGLDPHWHUV)RU WKHGLDSKUDJP WKHRSWLPDOGHVLJQ
RFFXUVDWDGLIIHUHQWDVSHFWUDWLRIRUHDFKGLDPHWHUDQG
GHSWKEHFDXVH WKHUH LVD VLJQLILFDQW WUDGHRIIEHWZHHQ
IUHTXHQF\ WLVVXH DEVRUSWLRQ DQG WKH SLH]R YROXPH
JHQHUDWLQJ SRWHQWLDO %HORZ PP WKH SODWH ORDG
SRZHU GHJUDGHV VLJQLILFDQWO\ ZLWK LPSODQW GHSWK
EHFDXVHLWVUHVRQDQFHIUHTXHQF\LVYHU\KLJK 
&RQFOXVLRQV
7KLV SDSHU KDV DQDO\]HG WZR SLH]RHOHFWULF SRZHU
JHQHUDWRU DUFKLWHFWXUHV IRU DQ DFRXVWLF SRZHU
WUDQVPLVVLRQ V\VWHP LQWHQGHG WR SURYLGH SRZHU WR
VPDOOGHHSO\LPSODQWHGELRGHYLFHV6SHFLILFDOO\WKLV
SDSHU KDV FRPSDUHG WKH SRZHU ORVVPHFKDQLVPV DQG
WRWDOSRZHUJHQHUDWHGIRUWKHSODWHDQGGLDSKUDJPLH
3087DUFKLWHFWXUHVLQWHUPVRIGLDPHWHUDVSHFWUDWLR
DQGLPSODQWHGGHSWK6LPXODWLRQUHVXOWVVKRZHGWKDWIRU
LPSODQWVLQPXVFOHWKHSODWHDQGGLDSKUDJPJHQHUDWHD
FRPSDUDEOHDPRXQWRISRZHUIRUJHQHUDWRUGLDPHWHUVLQ
WKH PLOOLPHWHU UDQJH )RU JHQHUDWRU GLDPHWHUV LQ WKH
VXEPLOOLPHWHU UDQJH WKH GLDSKUDJP JHQHUDOO\
JHQHUDWHVPRUHSRZHUWKDQWKHSODWHDQGLVVLJQLILFDQWO\
OHVVVHQVLWLYHWRFKDQJHVLQLPSODQWGHSWK
5HIHUHQFHV
$3& ,QWHUQDWLRQDO /WG  3K\VLFDO DQG
3LH]RHOHFWULF 3URSHUWLHV RI $3& 0DWHULDOV
$YDLODEOH DW
KWWSVZZZDPHULFDQSLH]RFRPDSF
PDWHULDOVSK\VLFDOSLH]RHOHFWULFSURSHUWLHVKWPO
$FFHVVHG-DQXDU\
&KULVWHQVHQ'$Ultrasonic Bioinstrumentation
-RKQ:LOH\	6RQV/WG
(QJLQHHULQJ7RRO%R[6SHHGRI6RXQGLQVRPH
FRPPRQ 6ROLGV $YDLODEOH DW
KWWSZZZHQJLQHHULQJWRROER[FRPVRXQG
VSHHGVROLGVGBKWPO $FFHVVHG -DQXDU\

)LJXUH/HIW3RZHUGHOLYHUHGWRWKHLPSODQW¶VORDGDWFPFPFPFPDQGFPGHSWKVIRUWKHXQWXQHG
SODWHDQGGLDSKUDJPZLWKRXWPDWFKLQJOD\HUV1RWHWKDWFPGHSWKFRUUHVSRQGVWRWKHWRSGLDSKUDJPOLQHDQG
FPGHSWKFRUUHVSRQGVWRWKHERWWRPGLDSKUDJPOLQH5LJKW7RS$VSHFWUDWLRUHTXLUHGWRDFKLHYHLPSODQWORDG
SRZHU5LJKW%RWWRP5HVRQDQFHIUHTXHQF\RIWKHLPSODQWZKHQJHQHUDWLQJORDGSRZHU





(QJLQHHULQJ 7RRO%R[  7HQVLOH 0RGXOXV 
0RGXOXVRI(ODVWLFLW\RU<RXQJ
V0RGXOXVIRU
VRPH FRPPRQ 0DWHULDOV $YDLODEOH DW
KWWSZZZHQJLQHHULQJWRROER[FRP\RXQJ
PRGXOXVGBKWPO$FFHVVHG-DQXDU\
)R[ 5 3ULWFKDUG 3 DQG 0F'RQDOG $ 
,QWURGXFWLRQ WR )OXLG 0HFKDQLFV WK HG -RKQ
:LOH\	6RQV/WG
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5HFHQW3URJUHVV LQ
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